The seasonality, regionality, and nature of the association between tropical convection and the 5-day wavenumber-1 Rossby-Haurwitz wave are examined. Spectral coherences between daily outgoing longwave radiation (OLR), a proxy for convection, and 850-hPa zonal wind over the period January 1979-February 2013 are compared for different seasons and for phases of El Niño-Southern Oscillation (ENSO) and the quasi-biennial oscillation (QBO). Increased coherence, indicating a stronger association, occurs in boreal spring and autumn, with slightly reduced coherence in boreal summer and significantly reduced coherence in boreal winter. The regionality of the association is examined using lagged-regression techniques. Significant local signals in tropical convection are found over West Africa, the tropical Andes, the eastern Pacific Ocean, and the Marshall Islands. The relative phasing between the 5-day wave wind and OLR signals is in quadrature in Africa and the Marshall Islands, in phase with easterlies over the Andes, and out of phase with easterlies over the eastern Pacific. Frequency spectra of precipitation averaged over the identified local regions reveal spectral peaks in the 4-6-day range. The phasing between the large-scale wind and local convection signals suggests that the 5-day wave is actively modulating the convection around the Americas.
Introduction
The 5-day wave is the gravest symmetric mode of the Rossby-Haurwitz waves (also referred to as normalmode Rossby waves) with zonal wavenumber 1 present in the terrestrial atmosphere with global scale. Theoretically, this class of wave exists as free oscillations of the atmosphere, with the wave governed by the rotation of the Earth, rather than gravity or an interaction with a particular thermal forcing. As the behavior of these waves is independent of local forcing, their structure in the vertical is barotropic, with energy density decreasing exponentially but phase remaining constant with increasing height.
The first evidence of the existence of the 5-day wave was presented by Eliasen and Machenhauer (1965) who analyzed a record of Northern Hemisphere 500-hPa geopotential height, with a similar analysis of global geopotential heights providing further evidence (Eliasen and Machenhauer 1969) . Following the observational analysis by Madden and Julian (1972) detailing its structure, a range of studies on the 5-day wave, as well as other Rossby-Haurwitz waves, have been performed, finding evidence of these waves throughout the troposphere, stratosphere, and higher atmosphere (Ahlquist 1982; Hirooka and Hirota 1989; Hirooka 2000) . The gravest symmetric mode of the Rossby-Haurwitz wave also appears prominently across wavenumbers 1-6 in coherence space-time spectra between upper-and lower-tropospheric tropical zonal winds (Hendon and Wheeler 2008) .
Despite the barotropic vertical structure and minimally divergent horizontal structure of the RossbyHaurwitz waves suggesting minimal relation with vertical motion in the atmosphere, there are important links between tropical convection and the 5-day wave. Model-based excitation studies show that tropical convection can excite the 5-day wave Garcia and Salby 1987) and is the most important factor in exciting the 5-day wave (Miyoshi and Hirooka 1999) . Space-time spectral analysis of tropical zonal winds and outgoing longwave radiation has shown a statistically significant coherence between these two fields at a westward-propagating wavenumber 1 and a near-5-day period (Hendon and Wheeler 2008) , and convection in this spectral range leads zonal winds by a quarter cycle, a relationship that has also been observed between lighting activity and 5-day wave activity across equatorial Africa (Patel 2001) .
The 5-day wave differs from other known largescale waves connected to convection in the tropics, being an external wave and thus having a phase that does not change with height, as opposed to being an internal wave with a vertically varying phase, such as the so-called convectively coupled equatorial waves (CCEWs; Wheeler and Kiladis 1999) . This property of the 5-day wave likely necessitates a different explanation for the connection with convection, something that has previously received little attention. For example, it is unclear whether the connection comes from modulation of convection by the 5-day wave, is a result of the response of the global atmosphere to what is essentially random convective activity projecting favorably onto the vertical structure of the 5-day wave (as suggested by the excitation studies), or both.
In this study, we will present further analysis of the relationship between convection and the 5-day wave, providing a description of its seasonality and geographical variability, with the aim to provide a better explanation. The following section will briefly discuss the theory of Rossby-Haurwitz waves, and section 3 will describe the data and methodology used. Section 4 presents the results of the study, and a summary and discussion are in section 5.
Theoretical background
The horizontal component of small-amplitude air motions from a state of rest in a frictionless, isothermal atmosphere on a planet rotating with frequency V can be expressed by the Laplace tidal equations, a linearized form of the hydrostatic primitive equations:
›y ›t 1 2Vu sinu 1 g a ›f ›u 5 0, and (2)
where u is zonal wind, y is meridional wind, f is pressure-level geopotential, l is longitude, u is latitude, t is time, g is acceleration due to gravity, a is planetary radius, and h is the equivalent depth, a separation constant linking the Laplace tidal equations to the vertical structure equation. Previous work has shown that, for free disturbances of the atmosphere, there is a single solution to the vertical structure equation that has an equivalent depth of around 10 km (Dikii 1965) , and which has a structure similar to that of the Lamb wave, with all motion in the wave being horizontal and in phase at all heights, and with wave velocities increasing with height and energy density decreasing exponentially with height. A streamfunction C and velocity potential x can be introduced such that
and
As coefficients in the Laplace tidal equations are independent of time t and longitude l, the geopotential f and the functions x and C can be spectrally separated into solutions proportional to exp[i(kl 2 2Vvt)]:
x 5xe i(kl22Vvt) , and (7)
where k is a zonal wavenumber and v is a dimensionless frequency. The Laplace tidal equations can now be expressed as
, and
where = 2 is the Laplacian defined by
m is a latitudinal coordinate given by m 5 sinu; and « is a dimensionless parameter given by « 5 (2aV) 2 /gh. Because of the structure of the Laplacian defined in (12),f,Ĉ, andx can be expressed as an expansion of associated Legendre polynomials: P k n1k (m), where n is a meridional index. Longuet-Higgins (1968) and Kasahara (1976) show that, for a given zonal wavenumber k and meridional index n, there are three classes of wave that satisfy the horizontal structure equation: namely, the eastward gravity waves, the westward gravity waves, and the rotational or Rossby-Haurwitz waves. In the limiting case that « / 0, the motion of the Rossby-Haurwitz waves becomes completely nondivergent, and its structure approximatesĈ 5 B is an arbitrary coefficient. The wind field associated with this nondivergent Rossby-Haurwitz wave structure for (k, n) 5 (1, 1) (i.e., for the mode that corresponds to the 5-day wave) is shown in Fig. 1 . The wind field can be seen to consist of symmetric gyres centered at 458N and 458S stretching from the poles to the equator.
For external waves in the atmosphere, « is around 8.8, and this ideal nondivergent solution does not perfectly hold. The result of realistic atmospheric divergence on the wave structure is a slight equatorward shift in the latitude of the gyre centers [to 408N and 408S in the case of the (k, n) 5 (1, 1) wave] and a small increase in wind magnitude at the equator and a reduction at the poles. Having nonzero divergence also reduces the phase speed of the Rossby-Haurwitz waves; for the (k, n) 5 (1, 1) wave, the phase speed is reduced from 1208 to ;708 day 21 , leading to the characteristic 5-day period of the wave (Kasahara 1976) . The dispersion relationship shown on the wavenumberfrequency spectra for the gravest symmetric RossbyHaurwitz waves in this paper follows from a beta-plane approximation. While these waves are global and not trapped about the equator, Lindzen (1967) shows that, for the gravest modes, an equatorial beta-plane approximation is appropriate. Dispersion curves for the gravest Rossby-Haurwitz modes can then be approximated by the dispersion curves for equatorial Rossby waves (Matsuno 1966) with an equivalent depth of 10 km (Dikii 1965) . The global extent and relatively low phase speeds of Rossby-Haurwitz waves mean that advection by background zonal wind has a sizable effect on propagation. The approximate Rossby-Haurwitz dispersion curve presented here assumes a constant westerly advection velocity of 15 m s 21 , which is chosen to be representative of the equivalent barotropic level at the midlatitudes (Kasahara 1980) .
Data and method

a. Data
The main proxy for deep convection used in the study is daily mean satellite-observed outgoing longwave radiation (OLR; Liebmann and Smith 1996) . Horizontal wind data come from the European Centre for MediumRange Weather Forecasts (ECMWF) interim reanalysis (ERA-Interim) product (Dee et al. 2011; ECMWF 2011) . These datasets cover the period January 1979-February 2013 and are on a 2.58 grid in both latitude and longitude. Winds at the 850-hPa level and the 150-hPa level were used to represent lower-tropospheric and upper-tropospheric winds, respectively, and were obtained with a 6-hourly temporal resolution, which was averaged to a daily mean for comparison to the OLR data. For precipitation, data from the Tropical Rainfall Measuring Mission (TRMM) 3B42 product are used over the period January 1998-February 2013 (Huffman et al. 2007 (Huffman et al. , 2011 . These data are averaged to a temporal resolution of 6 h, the same temporal resolution as the ERA-Interim horizontal wind data. El Niño-Southern Oscillation (ENSO) phases were determined from the monthly Bureau of Meteorology Southern Oscillation index (SOI; BOM 2005), with El Niño phases having an SOI below 28 and La Niña phases having an SOI above 8. The state of the quasi-biennial oscillation (QBO) was determined with zonal winds from the Freie Universität Berlin dataset (Naujokat 1986 (Naujokat , 1987 , using thresholds of 610 m s 21 at the 40-hPa level to define westerly, neutral, and easterly phases. QBO vertical shear phases FIG. 1. Theoretical structure of horizontal wind vectors associated with the zonal wavenumber-1, meridional mode-1, RossbyHaurwitz mode with geopotential disturbances centered on 908E and 908W, assuming nondivergence (i.e., « approaching zero).
were determined from the same dataset, being the difference between the 10-and 70-hPa level zonal winds, with periods of shear magnitude less than 1 m s 21 excluded.
b. Method
To show the seasonality of convection associated with 5-day wave winds, a space-time spectral method similar to that used by Hendon and Wheeler (2008) was performed. Data are partitioned into components symmetric and antisymmetric about the equator and then are broken into a series of 96-day-long segments, which overlap with adjacent segments by 95 days. These data segments are detrended, and the ends are tapered to zero by a half-cosine function covering the first and last 5 days. A two-dimensional Fourier transform (FT) of the detrended, tapered windows is performed at each symmetric and antisymmetric latitude up to 158 from the equator by first undergoing a complex FT in longitude for each latitude and time and then a complex FT in time upon these Fourier coefficients for each latitude. Spectral power and cross-powers from these 2D FTs are then averaged into seasonal spectra based on whether the central day of the time segment falls into the period or seasons of interest. Periods investigated were the 3-month seasons March-May (MAM), June-August (JJA), September-November (SON), and DecemberFebruary (DJF); ENSO phases; and QBO phases. To improve the appearance of the spectra, the power and cross-power are smoothed by a 1-2-1 running mean in frequency. Because of the use of daily data, the shortest resolvable period (the Nyquist period) of the spectral analysis is 2 days, well below the range of the 5-day wave.
Confidence thresholds for the cross-spectral analysis were determined by testing against the null hypothesis of zero coherence using the method outlined by von Storch and Zwiers (1999) , with the effective degrees of freedom (dof) being assumed to be 3 (from 1-2-1 frequency smoothing) 3 2 (amplitude and phase) 3 number of days of data in season/number of days in Fourier transform segments, giving a critical coherence-squared value at the 95% confidence level of
where F 0.95 is the critical value of the F distribution at the 95% probability level.
Composite structure analysis of dynamic fields, OLR, and TRMM 3B42 precipitation variations associated with the 5-day Rossby-Haurwitz wave was performed using lag-regression techniques similar to those in Wheeler et al. (2000) in order to determine the temporal and geographic evolution of convective and wind signals associated with the wave. A base time series spanning the entire period of the data against which regression is performed is formed by space-time filtering the 850-hPa zonal wind at 08 longitude, so that only the westwardmoving wavenumber-1 component of the zonal wind with a period between 4 and 6 days is included, and averaging this between 58N and 58S. The signal-to-noise ratio for the regression is maximized by only computing regressions against the base time series for intervals where a strong 5-day wave signal is present in the filtered zonal winds. These intervals are determined by the variance within a 19-day window of the time series centered on points in the interval being greater than the variance of the total time series. The 19-day variance window is chosen as it is one day longer than 3 times the largest filtered period, although the results are relatively insensitive to choice of window size, provided it is above the largest filtered period. Unfiltered horizontal winds and outgoing longwave radiation at each grid point are regressed against the filtered base time series for lags from 214 to 14 days. The regression coefficients for each point, lag, and field are then multiplied by an arbitrary deviation in zonal wind (in this case, two standard deviations of the filtered base-point time series), producing signals that are anomalies with respect to the basic state.
Power spectra of precipitation from TRMM 3B42 were generated for regions of greatest signal from the lag-regression composites. These spectra were generated by averaging TRMM 3B42 precipitation over the area of interest for each time step, with the resulting time series of average precipitation broken into nonoverlapping 45-day windows. An FT was performed on each of these windows, and the resulting precipitation power spectrum was formed by averaging the resulting spectral powers. A red noise background spectrum was fitted to each power spectrum, and a 95% confidence interval was calculated from the fitted background spectrum by assuming that the data in the individual spectral windows are independent. Figure 2 shows the symmetric coherence-squared spectra in wavenumber-frequency space between zonal winds at the 150-hPa (U150) and 850-hPa (U850) levels and between OLR and 850-hPa zonal winds in the range 158N-158S, along with the phase lags between the two fields. A strong coherence signal between U150 and U850 belonging to the gravest symmetric Rossby-Haurwitz waves (the dispersion relationship of which is represented by the dashed curve) exists for westwardpropagating wavenumbers 1-5, with an almost zero phase lag (indicated by upward pointing arrows) being indicative of the barotropic nature of these waves. The spectrum between OLR and U850 shows the same coherence-squared peak along the first symmetric Rossby-Haurwitz mode dispersion curve as seen in Hendon and Wheeler (2008) , with a consistent quadrature phase relationship of the connection at this 5-day wave range.
Results
a. Association of winds and convection
b. Seasonality and interannual variability
Previous studies have shown a significant seasonality (e.g., Ahlquist 1982) and interannual variability (e.g., Hamilton 1985) of the 5-day wave itself, so it is of interest to see if the association of the wave with convection also varies. Figure 3 presents the seasonal symmetric coherence-squared wavenumber-frequency spectra and phase lags between OLR and U850 for DJF, MAM, JJA and SON, with maximum coherence squared and average coherence squared in the 5-day wave range for these seasons listed in Table 1 . Noticeable in these is some seasonality in 5-day wave convective association. In boreal winter, there is a clear weakening of the coherence between OLR and U850 in the 5-day wave range relative to the rest of the year, with peak coherence between zonal wind and OLR in this range being only slightly above the critical level for statistical significance. In boreal spring, the average coherence and maximum coherence in the 5-day wave range increase and average coherence reaches a maximum. Average coherence drops somewhat in boreal summer, and maximum coherence remains steady. Boreal autumn sees no real change in average coherence relative to JJA, but the peak coherence squared in the 5-day wave range reaches a maximum. This seasonality in the 5-day wave coherence with convection has some similarities with 5-day wave activity itself, which has been reported to have strongest activity in boreal summer and moderate activity in spring and autumn (Madden 1978 , Ahlquist 1985 . The strongest coherence occurring in the autumn and spring seasons may also be related to the equatorially symmetric structure of the 5-day Rossby-Haurwitz wave and the fact that convective activity is more symmetric in the equinoctial seasons. Figure 3 also shows seasonality in the Madden-Julian oscillation (MJO) and both Kelvin and equatorial Rossby wave convective coupling, with Kelvin wave coupling strongest in MAM with activity persisting into JJA, and with weaker activity in SON and DJF. The MJO coherence is strongest in DJF and MAM and weaker in JJA and SON; and equatorial Rossby   FIG. 2 . Space-time coherence-squared spectrum (contours) and phase lag (vectors) for anomalies in the latitude range 158N-158S symmetric about the equator in (top) 150-and 850-hPa zonal winds and (bottom) outgoing longwave radiation and 850-hPa zonal winds. All shaded contours are significant above the 99% level. Phase vectors pointing upward imply zero phase lag between the two fields; downward-pointing vectors imply an out-of-phase relationship; leftward-pointing vectors imply OLR/U150 leading U850 by a quarter cycle; and rightward-pointing vectors imply U850 leading OLR/ U150 by a quarter cycle. A box is around the area associated with the MJO. Solid dispersion curves are those for Kelvin, equatorial Rossby (ER), symmetric westward inertio-gravity (WIG), and eastward inertio-gravity (EIG) waves with equivalent depth 50, 25, and 12 m; and the dashed dispersion curve is for the Rossby-Haurwitz (RH) mode in an atmosphere of equivalent depth 10 km, with meridional mode n 5 1, and assuming a 15 m s 21 background zonal wind.
coherence remains at a roughly constant level throughout the seasonal cycle. These changes in activity match well with seasonality in the MJO and convectively coupled equatorial waves documented by Yasunaga (2011), Huang and Huang (2011), and Masunaga (2007) . Table 2 shows mean and maximum coherence squared between OLR and U850 in the 5-day wave range in the case of different ENSO phases. This shows that there is not a particularly strong difference in average or maximum coherence-squared values between El Niño and La Niña phases of ENSO. There is a slight increase in average coherence squared during the neutral phase of ENSO but no increase in maximum coherence. Table 3 shows the same metrics for different QBO phases. As with ENSO phases, there is not a substantial difference between the coherence metrics in the two opposite phases, although the coherence is marginally stronger during the easterly phase. The neutral phase, however, shows dramatically increased average and maximum coherence. This may be an artifact of the relatively small periods of time in which the QBO is in the neutral phase, although it still exceeds the higher critical coherence-squared value for 95% significance.
To determine if the increased coherence-squared value observed during the QBO neutral phase is related to the observed increase in stratospheric 5-day wave activity during easterly vertical shear periods of the QBO (Miyoshi and Hirooka 2003) , the metrics were also calculated for easterly and westerly vertical shear phases of the QBO, as presented in Table 4 . These 
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metrics suggest that there is also no large difference in the association of convection and the 5-day wave between the easterly and westerly shear phases of the QBO. This agrees with the unclear existence of QBO variation of tropospheric 5-day wave activity in Miyoshi and Hirooka (2003) and is consistent with the hypothesis that variation in stratospheric 5-day wave amplitudes during different QBO shear phases comes from differences in propagation through the middle atmosphere, as in Horinouchi and Yoden (1997) .
c. Geographical distribution of convective activity associated with wave activity
The 850-hPa horizontal wind structure and OLR anomalies of the regressed composite 5-day wave are in Fig. 4 . These regressed values are scaled according to a two standard deviation anomaly of the predictor. The winds have the expected global structure, with a dominant wavenumber-1 structure and a westward propagation of around 708 day
21
. The winds are primarily zonal near the equator, tending toward being mainly meridional off equator, with off-equatorial meridional wind strongest at longitudes where the zonal wind signal near the equator is near zero. Maximum wind vectors in the tropical band shown in Fig. 4 are in the equatorial zonal flow, ranging in magnitude from 0.59 m s 21 at lag 23 to 0.76 m s 21 at lag 1. Outside of the tropical band (not pictured), the regressed wind signal has a continuation of the meridional wind between areas of strong zonal flow into the high midlatitudes and shows zonal flows poleward of 558 latitude in the opposite direction to regressed zonal winds at the equator. These characteristics agree well with the theoretically computed structure for the 5-day wave wind field [Elbern and Speth (1993) and Fig. 1 ]. There also seems to be a phase tilt to the east with increasing latitude in the Southern Hemisphere, a feature of the 5-day wave observed in other composite structures (Madden and Julian 1972; Cheong and Kimura 1997 Fig. 5 . Despite being statistically significant, these signals only explain around 1% of the total OLR variance in these regions. The phase relationship between the wind and OLR in these three locations varies. Over the tropical Andes, the zonal wind and OLR anomalies are almost in phase, which, when considered in conjunction with the location of this signal in an area of mean easterly winds, implies orographic influence in the wave-associated convective signal over the Andes. The easterly phase of the 5-day wave will increase upslope flow from the moist Amazon basin over the Andes, leading to increased convection on the eastern edge of the Andes; and the westerly phase will decrease the level of upslope flow from the basin, suppressing convection in the region. This could also explain the dipole nature of the signal over the 
Andes and that off the coast of Panama and Colombia as a rainshadow effect. The convective signal over the Gulf of Guinea, and similarly that near the date line, instead is phase offset from the peak zonal winds by around a quarter cycle, with enhanced convection leading peak westerly winds. This phase relationship is close to that seen in the global spectral analysis outlined in the previous section and ), associated with the 5-day wave bandpass-filtered 850-hPa zonal wind variation at 08 longitude, scaled for a two standard deviation anomaly, and at lags of (top)-(bottom) 23, 22, 21, 0, 1, and 2 days. OLR is shaded if locally statistically significant at the 95% level, and wind vectors are shown if at least one component is locally statistically significant at the 95% level. Westerly winds are colored green, and easterlies are colored pink.
agrees with the phase relationship between the 5-day wave and African convection seen in previous studies (Burpee 1976 , Patel 2001 .
Elsewhere, for certain lags there are convective signals that are above the statistical significance, but because of the lack of a reasonable spatial size or temporal persistence, these signals may be considered to be statistical noise. Figure 5 shows the variance of the regressed OLR signal between the lags from 23 to 2 days, showing that, outside the areas mentioned, the impact of the 5-day wave on OLR variations is reasonably small [around 10 (W m
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2 at most]. The observed signal is equatorial over Africa, but more off equatorial elsewhere.
The vertical structure of the regressed zonal winds was also investigated (not pictured). As expected with the theoretical structure of the wave, the vertical structure of the regressed wind is barotropic, with wind direction close to being constant with height.
d. Subseasonal rainfall variability in areas of
wave-associated convection Figure 6 shows precipitation spectra from the three strong signal areas, as marked by boxes in Fig. 5 , as well as the red noise background and the 95% confidence interval above the red noise background. Precipitation data are examined as a complementary deep convection proxy to OLR. The spectra show that, in all three signal locations, a precipitation spectral estimate peak above the 95% confidence interval from the red spectra is apparent at around a 5-day period. These are the most significant submonthly precipitation spectral peaks, apart from the diurnal peak (not shown), with the exception of an approximately 3.75-day peak in the Marshall Islands rainfall data. The latter possibly corresponds to that of an n 5 0, s 5 0 inertio-gravity (IG)-type equatorial wave signal, which has its maximum OLR variance in this region (Wheeler et al. 2000) . The appearance of near-5-day spectral peaks in precipitation has previously been observed in the African region (Burpee 1976) and near the Marshall Islands (Yanai et al. 1976 ), but the detection of a 5-day precipitation spectral peak in the tropical Andes does not appear to be previously noted. Figure 7 shows the regressed TRMM 3B42 precipitation anomalies and the 850-hPa horizontal wind anomalies for the lags with maximum precipitation anomalies in the selected regions (21.5 days for South America, 21 day for Africa). The maximum precipitation anomaly of 0.19 mm h 21 around the Gulf of Guinea is roughly coincident with the regressed composite OLR signal in Fig. 4 . However, the maximum precipitation anomaly over the Andes, also of 0.19 mm h
21
, is toward the northern edge of the location of the composite OLR signal, with lesser precipitation anomalies observed around the center of the composite OLR signal. It is possible that this discrepancy comes from known issues with TRMM 3B42 data over elevated terrain and in the central Andes (Chen et al. 2013,; Scheel et al. 2011 ), but it may also be due to the fact that OLR can be sensitive to changes in the amount of nonprecipitating cloud.
Looking at the relationship between local wind and precipitation in each region, for South America (Fig. 7a ) the strongest positive precipitation anomalies are associated with easterly anomalies. When noting the mean easterly winds that occur in this region, this relationship is further suggestive of an orographic influence of the winds on the rainfall. Over the Gulf of Guinea (Fig. 7b) , on the other hand, the largest precipitation anomaly appears in an area with a near-zero low-level wind anomaly but with some hint of a counterclockwise (cyclonic in the Northern Hemisphere) circulation around it. This suggests that the wave-related precipitation in Africa may have some low-level convergence associated with it.
Discussion
The different phase relationship between the zonal winds associated with the 5-day wave and the convective signals observed in the South American region compared ] regressed against bandpass-filtered 850-hPa zonal wind time series, as in Fig. 4 . Boxed regions show regions over which the TRMM 3B42 spectra in Fig. 6 are generated.
to the African and Marshall Island regions suggests that the process leading to wave-associated convection over the Andes differs from that in the other regions. As stated in sections 4c and 4d, the in-phase nature of the convective signal and the zonal wind anomaly over the Andes suggests an orographic forcing, where the changes in zonal winds due to the 5-day wave modulate the background easterly zonal winds and the resulting moisture flux from the Amazon basin over the Andes. This would lead to a modulation in convective events over the Andes. The regressed wind pattern in Fig. 7a , where increased precipitation anomalies in the region are associated with easterly wind anomalies on the eastern side of the Andes, supports this suggestion. We therefore propose that in this region there is an influence of the global wave on local convection without necessarily any feedback of the convection onto the wave. On the other hand, a clear mechanism for the convective signals in other areas is not as apparent.
The seasonality of coherence between the 5-day wave and convection may also reflect differences in the nature of interaction between the 5-day wave and convection in the areas identified in this paper. The observed seasonal cycle presented in section 4a, with higher coherence in boreal spring and autumn, somewhat lower coherence in boreal summer, and lowest coherence in boreal winter, resembles the annual cycle in rainfall and convection around the Gulf of Guinea area. The annual cycle of convection and precipitation around this area has two peaks, occurring in April and October, with moderate activity during JJA (Laing et al. 2008 (Laing et al. , 2011 Jackson et al. 2009 ). This is in contrast to precipitation cycles in the upper-equatorial Amazon basin, which has a more uniform annual cycle with a slight decrease in precipitation during JJA (Espinoza Villar et al. 2009 ), and over the Marshall Islands region, which has lower rainfall during DJF and MAM (Yu et al. 1997) . That the peak convective periods in East Africa, which has a strong convective signal related to the 5-day wave, correspond to the periods of higher coherence between convection and the 5-day wave suggests interaction in this location is a key driver of the observed association between convection and the wave. Hovmöller diagrams of cold cloud fraction in Laing et al. (2011) also appear to show weak propagation of a westward-moving cold cloud signal with phase speed similar to that of the 5-day wave from the African highlands at around 308-408E toward the Gulf of Guinea. Closer examination of the dynamics of convection in Africa around this phase speed with a frequency near 5 days should hopefully elucidate the interaction occurring between convection and the 5-day wave.
It is worth noting that the results here do not disagree with random convection exciting the 5-day wave, as seen in the model experiment of Salby and Garcia (1987) . Broadband, essentially random heating over a range of temporal and spatial scales could lead to a coherence peak with the 5-day wave winds if it excites the 5-day wave. However, this mechanism by itself is insufficient to explain the localization of the convective signal to three regions or the 5-day precipitation spectral peaks observed in Fig. 6 , as purely random convection would result in a redder spectrum without the appearance of a 5-day peak. This suggests that there is some feedback mechanism that favors convection at this time scale, coupling the wave to convection in these regions.
Conclusions
Wavenumber-frequency coherence-squared spectra between 850-hPa zonal winds and outgoing longwave radiation have shown a statistically significant relationship between convection and zonal winds at a westwardpropagating zonal wavenumber 1 and a period of around 5 days. This corresponds to the 5-day wave, a RossbyHaurwitz wave with meridional index 1.
The association of convection with the 5-day wave is observed to follow a seasonal cycle, with stronger association in boreal spring and autumn, reduced association in boreal summer, and weak association in boreal winter. The association does not differ strongly between ENSO phases; nor does it differ strongly between westerly and easterly QBO phases; however, it is observed to be much stronger during neutral QBO phases.
The convective signals associated with westwardpropagating 4.5-5.5-day, wavenumber-1 zonal wind anomalies manifest themselves geographically in three main areas: over equatorial Africa, over the equatorial Andes and nearby Pacific Ocean, and around the Marshall Islands. The convective signal over equatorial Africa and the Marshall Islands is in quadrature with zonal wind anomalies, with enhanced convection preceding westerlies by a quarter cycle. The signals over the Andes and nearby east Pacific, however, are close to being out of phase and in phase with westerlies, respectively, and are highly suggestive of interplay between the 5-day wave and the local topography. A different mechanism would seem to be involved around Africa and the Marshall Islands, and we argue that equatorial Africa appears to be a key region for convection forcing the global wave.
This study still leaves many questions unanswered about the dynamics involved in the interaction between the 5-day wave and convection. However, the identification of three main areas of convection associated with this wave, and the relative phasing between the wave and convection, provides motivation for future research to determine the nature of this connection. from their website (http://www.esrl.noaa.gov/psd/). TRMM data were acquired from the NASA Goddard Earth Sciences (GES) Data and Information Services Center (DISC).
